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bstract
The theory of classical universal computation was laid down in 1936, was implemented within a decade, became commercial
ithin another decade, and dominated the world’s economy half a century later. This success story relied on the progress in
echnology. As computers become faster they must become smaller. The history of computer technology has involved a sequence
f changes from one type of physical realisation to another, with smaller and smaller components. The unavoidable step to the
uantum level will be one in this sequence; but it promises something more exciting as well. It can support entirely new modes of
omputation that do not have classical analogues. There is so much potential in this fundamentally new way of harnessing nature
hat it appears as though the age of computation has not yet even begun!
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Civilisation has advanced as people discovered new ways of exploiting various physical resources such as materials,
orces and energies. In the twentieth century information was added to the list when the invention of computers
llowed complex information processing to be performed outside human brains. The history of computer technology
as involved a sequence of changes from one type of physical realisation to another — from gears to relays to valves to
ransistors to integrated circuits and so on. Todays advanced lithographic techniques can create chips with features only
fraction of micron wide. Soon they will yield even smaller parts and inevitably reach a point where logic gates are so
mall that they are made out of only a handful of atoms. Indeed, in the last fifty years or so, the number of transistors
hat can be fabricated onto a single chip has been doubling about every 18 months, an observation commonly known
s Moore’s Law. This astounding technological progress has had a profound effect on the lives and fortunes of people,
ompanies and countries throughout the world. How much longer can this exponential growth continue?
On the atomic scale matter obeys the rules of quantum mechanics, which are quite different from the classical
ules that determine the properties of conventional logic gates. So if computers are to become smaller in the future,
ew, quantum technology must replace or supplement what we have now. Will quantum-mechanical effects place
undamental bounds on the accuracy with which physical objects could realise the properties of bits, logic gates, the
omposition of operations, and so on? Will it be the end of Moore’s Law? The answer is a resounding no!
Although we will probably get a long mileage out of silicon technology in years to come but it is also clear that it will
ventually reach its physical, engineering and economic limits. This, however, does not mean that progress in computing
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uch more than cramming more and more bits to silicon and multiplying the clock–speed of microprocessors (Fig. 1).
t can support entirely new kind of computation with qualitatively new algorithms based on quantum principles!
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Fig. 1. An unavoidable gap between theoretical and experimental developments in quantum computation is more a challenge than a problem. New
experiments address issues discussed by theorist only few years ago. For example, in a recent experiment a team of physicists at the University of
Innsbruck, led by Rainer Blatt, has been able to demonstrate an efficient repetitive quantum error correction. In the picture on the left the quantum
bit (blue) is entangled with the auxiliary qubits (red). If an error occurs, the state of the defective quantum bit is corrected. On the right we show
the ion trap which is the heart of the experimental apparatus; the latter constitutes also the most powerful quantum computer in the world to date,
featuring 14 (entangled) qubits (Graphics: Harald Ritsch, University of Innsbruck; Photo: C. Lackner.)
To be sure, building quantum computers is a challenging task, but we know how to do that. We start with simple
quantum logic gates and connect them up into quantum circuits. A quantum logic gate, like a classical gate, is a very
simple computing device that performs one elementary quantum operation, usually on two quantum bits (qubits), in
a given time. However as the number of quantum gates in a network increases, we quickly run into some serious
practical problems. The more interacting qubits are involved, the harder it tends to be to engineer the interaction that
would display the quantum phenomena. Apart from the technical difficulties of working at single-atom and single-
photon scales, the more components there are, the more likely it is that quantum computation will spread outside the
quantum computer and be lost into the environment. This process is called decoherence. Thus our task is to engineer
sub-microscopic systems in which qubits affect each other but not the environment (Fig. 2).
Fortunately a number of ingenious techniques have been developed to eliminate or diminish the unwelcome effect
of decoherence. We know that efficient, reliable quantum computation of arbitrarily long duration is possible, even with
faulty and decohering components. Thus, errors can be corrected faster than they occur, even if the error correction
machinery is faulty. Although the requirements for the physical implementation of fault tolerant quantum computation
are very stringent nevertheless perfectly achievable. However, the problems will not be solved in one fell swoop. The
current challenge is not to build a fully-fledged universal quantum computer right away, but rather to move from the
experiments in which we merely observe quantum phenomena to experiments in which we can control those phenomena
in the necessary ways. Simple quantum logic gates involving two qubits or more are being realised in laboratories
worldwide. The next decade should bring control over several qubits and, without any doubt, we shall already begin
to benefit from our new way of harnessing nature.
Fig. 2. State-of-the-art quantum technologies. The atom chip on the left is used for the production of Bose-Einstein condensates, for the operation of
chip-based atomic clocks and atom interferometers, and for ultraprecise sensoring. The ion chip on the right can be loaded with a string of entangled
ions on which operations can be carried out possibly including the error correcting codes described in Fig. 1. (Images courtesy of Ph. Treutlein,
University of Basel (left), F. Schmidt-Kaler, University of Mainz (right).)
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The idea that nature can be controlled and manipulated at the quantum level is a powerful stimulus to the imagination
f physicists and engineers and there is no doubt that there is potential here for truly revolutionary innovations. That’s
hy I truly believe the computer age hasnt even begun yet.cknowledgements
I would like to thank Daniele Binosi for his help in preparation of this contribution.
